25 26 42 43 3. We genome-skimmed 49 wild UK plant species, validated our pipeline with mock DNA 44 mixtures of known composition, and then applied RevMet to pollen loads collected from wild 45 bees. We demonstrate that RevMet can identify plant species present in mixed-species 46 samples at proportions of DNA ≥1%, with few false positives and false negatives, and 47 reliably differentiate species represented by high versus low amounts of DNA in a sample. 48 49 4. The RevMet pipeline could readily be adapted to generate semi-quantitative datasets for a 50 wide range of mixed eukaryote samples, which could include characterising diets, 51 quantifying allergenic pollen from air samples, quantifying soil fauna, and identifying the 52 3 compositions of algal and diatom communities. Our per-sample costs were £90 per genome 53 skim and £60 per pollen sample, and new versions of sequencers available now will further 54 reduce these costs. 55 56
1. The ability to identify and quantify the constituent plant species that make up a mixed-27 species sample of pollen has important applications in ecology, conservation, and 28 agriculture. Recently, metabarcoding protocols have been developed for pollen that can 29 identify constituent plant species, but there are strong reasons to doubt that metabarcoding 30 can accurately quantify their relative abundances. A PCR-free, shotgun metagenomics 31 approach has greater potential for accurately quantifying species relative abundances, but 32 applying metagenomics to eukaryotes is challenging due to low numbers of reference 33 genomes. 34 35 2. We have developed a pipeline, RevMet (Reverse Metagenomics), that allows reliable and 36 semi-quantitative characterization of the species composition of mixed-species eukaryote 37 samples, such as bee-collected pollen, without requiring reference genomes. Instead, 38 reference species are represented only by 'genome skims': low-cost, low-coverage, short-39 read sequence datasets. The skims are mapped to individual long reads sequenced from 40 mixed-species samples using the MinION, a portable nanopore sequencing device, and 41 each long read is uniquely assigned to a plant species. 4 However, knowledge gaps limit the effectiveness of these strategies (Wood, Holland, & 80 Goulson, 2015; Dicks et al., 2013) . For instance, it is still not clear which plant species are 81 the most valuable food resources and how plant species vary in value across pollinator 82 species, over time, and in different environmental conditions. It is also not well understood 83 whether the addition of floral resources might draw pollinators away from pollinator-84 dependent crop plants (Morandin & Kremen, 2013) , or whether floral enhancement will alter 85 levels of plant-target specialism, at the levels of insect species and of individual insects, 86 resulting in changes in pollination efficiency (Lucas et al., 2018; Morales & Traveset, 2008) . 87 88 Therefore, a crucial technical challenge for understanding plant-pollinator interactions is a 89 method to identify and quantify the species of pollen that are consumed by pollinators. 90 Identifying and quantifying pollen has traditionally been carried out by using light microscopy 91 to distinguish plant species by grain morphology, a labour-intensive technique that requires 92 expert knowledge and lacks discriminatory power at lower taxonomic levels (Long & Krupke, 93 2016; Khansari et al., 2012) . In contrast, high-throughput DNA sequencing now allows pollen 94 identification without expert knowledge of pollen morphology and taxonomy. Richardson et al., 2015; Sickel et al., 2015; Bell et al., 2017 Bell et al., , 2018 Lamb et al. 2018) . 111 112 In contrast to the targeted sequencing approach of metabarcoding, 'shotgun metagenomics' 113 involves randomly sequencing short stretches of genomic DNA from mixed samples. In 114 standard metagenomics, these short reads ('queries') are mapped to either assembled 115 genomes or to collections of barcode genes ('references'), which creates a requirement for 116 large numbers of reference genomes (Sharpton, 2014) or barcodes, with the latter being 117 very inefficient. Species identification is obtained by first calculating a similarity metric 118 between each short read and each reference sequence (e.g. % identity) and then using an 119 algorithm to assign each short read to the most likely reference sequence ( RevMet, because we map reference sequences to query sequences, which is the reverse of 146 the normal metagenomic protocol. An equal volume of Agencourt AMPure XP beads was added to each sample, vortexed for 206 20 s (10 x 2 s bursts), and then incubated for 10 min at room temperature. By placing the 207 samples onto a magnetic tube rack for 5 min, the beads were separated from the solution, 208 and the cleared supernatant was removed by aspiration. The beads were washed twice 209 using the following protocol: 1 ml of 80% ethanol was added, incubated at room temperature 210 for 30 s, and then removed, followed by air drying for ≈ 3 min. The magnetic beads were 211 resuspended in 55 μl of EB (Elution Buffer: 10 mM Tris-HCl) and incubated at 37 °C for 10 212 min. The tubes were placed back onto the magnetic rack to bind the beads, and the eluted 213 DNA (≈ 50 μl) was transferred into fresh tubes. A 1 μl aliquot of 1-in-10 diluted Qiagen Finally, the extracted DNA was prepared and sequenced using the same protocol as used 220 for the DNA mocks above, except that only one library was prepared for each sample. The MinION datasets from the 12 mocks and the 48 pollen loads were basecalled and 235 demultiplexed with albacore 2.1.10 (ONT). The resulting FASTQ files were converted to 236 FASTA format. We removed long reads deriving from plant organelles because they are 237 highly conserved across plant species and in pilot tests we observed that mapping to 238 organellar long reads resulted in a higher rate of incorrect assignments than mapping to 239 nuclear long reads (data not shown resulting 60 (= 12 + 48) organelle-filtered FASTA files constitute our mock and pollen query 245 datasets, and in the next step, we used the 49 plant reference skims to assign a taxonomy 246 to each long read in the mock and pollen query datasets ( Fig. 1c ). Low genome-coverage, short-read, shotgun-sequencing datasets ('reference skims') were 288 successfully generated for all 49 plant species (Fig. 1a ). After pre-processing, the mean 289 estimated coverage was 0.6x (0.1 to 1x, details in Supplementary Table S1 ). The 49 reference skims were separately mapped to each long read in each of the 12 mock 304 mixes, and each long read was assigned to the plant species that mapped with the highest 305 percent coverage, or left unassigned if the highest coverage was <15%. In total, 65.5% of 306 the mock reads were assigned to a plant species, with 94.7% of those reads being assigned 307 to a species known to be present in that mock sample. Almost all (93.4%) of the 563 false-308 positive read assignments were made to one species, Ranunculus acris, and all these 309 assignments occurred in the mock samples that contained the very closely related species 310 Ranunculus repens. We return to this in the Discussion. The few other false-positive 311 assignments all occurred at a rate of less than 1% of the assigned long reads in their mixes 312 and for presentational clarity are not shown in Fig. 2 . The full results are in Table S2 . 313 
314
All of the plant species that had been added to the mock compositions at proportions ≥1% 315 were detected by our method in at least one of the two replicates, and in general, the 316 technical replicates showed a high level of repeatability (Fig. 2) . In two of the mocks, there 317 was one species each (Lotus corniculatus in MM2 and Digitalis purpurea in MM3) that were 318 detected in only one of the two replicates. In these two replicates, Lotus corniculatus and 319 Digitalis purpurea were expected to be present at only 3.0% and 4.6%, respectively. Both of 320 these species were consistently underrepresented across our mock data sets. As expected, the larger the reference-skim dataset size for Knautia arvensis, the more reads 325 in the MM1 and MM2 mocks were assigned to this species and the fewer reads left 326 unassigned. Importantly, the rate of increase was decelerating ( Supplementary Fig. S1 ); 327 over half of the MinION reads that were assigned to Knautia arvensis with a 0.65x genome 328 skim could also be assigned with just a 0.1x skim, even though all the other reference skims 329 in the mapping run were kept at their original sizes. Table S3 ). In total, 49.7% of the long reads were assigned to one of the reference plant 344 species. In 38 of the 48 bees (79.2%), pollen from the plant species on which each bee was 345 captured was found to be present in that bee's pollen load ( Supplementary Table S3 ).
347
Each of the 48 pollen loads was found to contain one or two major plant species (defined as 348 read frequency ≥10%) ( Fig. 3a ). All nine of the Apis mellifera pollen loads contained a single 349 major species, whereas 16 of 27 Bombus terrestris/locorum complex and 6 of 12 Bombus 350 lapidarius pollen loads were comprised of two major species (Fig. 3a ). These differences in 351 mean number of major species were statistically significant (Apis mellifera versus Bombus 352 terrestris/locorum complex (Welch's t-test, t = -6.15, df = 26, p-value < 0.0001) and versus 353 Bombus lapidarius (t = -3.32, df = 11, p-value < 0.01)) ( Fig. 3b ). Another way of visualising 354 the wild-bee results is as a plant-pollinator network graph (Fig. 3c) . Overall, 6 of the 49 355 reference plant species were identified as major components in the 48 pollen loads, and the 356 majority of bee-collected pollen samples were dominated by one plant species. Using light microscopy to identify plant species from pollen requires expert knowledge and is 361 costly when applied to many samples (Khansari et al., 2012) . There is a need for a quick 362 and low-cost method that can be scaled to large numbers of pollen samples. Metabarcoding 363 is the current leading candidate, but there are concerns over its discriminatory power at 364 lower taxonomic levels, and there is good reason to believe that metabarcoding does not Supplementary Table S2 ). 381 2) Genome skims with sequence coverage as low as 0.05x can be used for detecting 382 species presence and for estimating relative abundance in terms of DNA mass. 383 Increasing skim coverage increases detection power, at a decelerating rate 384 ( Supplementary Fig. S1 ). 385 15 3) Individual pollen loads collected from wild Apis and Bombus bees yield enough DNA 386 for MinION sequencing ( Supplementary Table S3 ) and generate plausible plant-387 pollinator networks, as evidenced by the fact that (a) 56.3% of the plant species on 388 which the bees were collected were also the dominant constituent of the 389 corresponding pollen sample (and 79% of plant species on which the bees were 390 collected were detected in the corresponding pollen sample) ( Supplementary Table   391 S3), and (b) pollen species richnesses and compositions were more similar within 392 bee species than across bee species (Fig. 3) . the three low-abundance species (each representing 3.0% of total input DNA mass each). 407 The RevMet pipeline estimated the three high-abundance frequencies at means of 34.0%, 408 14.7%, and 44.0%, and the three low-abundance species at 1.4%, 3.0%, and 3.0%, 409 respectively ( Supplementary Table S2 ). There are at least three reasons for the remaining quantitative error. First, although we 412 targeted 0.5x per reference skim, coverage still varied across species (Table S1 ), resulting 413 16 in different powers of discrimination, as shown by the experiment with subsamples of 414 Knautia arvensis ( Supplementary Fig. S1 ). Fortunately, we found that even very low-depth 415 skims of 0.05x are useful for species detection and are probably still useful for differentiating 416 rare from abundant species (albeit with more error) ( Supplementary Fig. S1 ). Genome sizes 417 are also estimated with error, so it is also helpful that the subsampling experiment suggests 418 that detection power asymptotes with higher sequencing depth ( Supplementary Fig. S1 ), 419 and as sequencing costs fall further, we expect that the most robust protocol will be to target 420 1x coverage. Ranunculus) in the mock mixes. In the case of Papaver, there were no P. rhoeas false-425 positives greater than the 1% minimum-abundance filter in the mocks that contained P. 426 somniferum (MM1 and MM6) ( Supplementary Table S2 ). In contrast, Ranunculus acris was 427 regularly incorrectly assigned to reads in mock mixes that contained the closely related Third, MinION reads have relatively high error rates of roughly 5 to 10% depending on the 436 flow cell and kit used (Leggett & Clark, 2017) . Although this is dropping over time, this error 437 rate unavoidably obscures differences between species (although not enough to confound 438 the two Papaver species). We note that one of the advantages of the RevMet approach is 439 that we use both sequence similarity and percent coverage as predictors of species 440 presence (Fig. 1C ) . Using sequence similarity alone, we observed several instances of low 441 numbers of mapped reads being given false-positive assignments (data not shown). The 442 percent-coverage filter requires many reference-skim reads to independently identify a 443 species before an assignment is made. sample. That said, we anticipate that input biomasses similar to those used in this study, 200 466 ng, will still be adequate. Also, even 400 ng is achievable, as 36 of 48 of our wild-bee pollen 467 samples samples yielded >400 ng ( Supplementary Table S3 ). ONT have also recently 468 released the Flongle (~$90), which is a disposable nanopore that allows prolonged reuse of 469 18 the MinION. Our results suggest that ONT's target yield of 1 Gb per Flongle will be more 470 than enough for multiplexing twelve bee-collected pollen loads, reducing per-sample costs 471 from the £61 in this study to just under £16. (Fig. 3) . Importantly, 476 because our data are semi-quantitative, we are able to conclude that even the bumblebees 477 showed fidelity to one plant species (Fig. 3C ), a result that would be less reliably concluded 478 from metabarcoding data. MinION, generating long read datasets. c) The 49 short-read reference datasets were 695 separately mapped to the long-read pollen datasets, and each pollen read was assigned to 696 the plant species that mapped with the highest percent coverage or was left unassigned if 697 the highest coverage was <15%. d) Binned pollen reads were counted, noise was reduced 698 by implementing a 1% minimum-abundance filter, and then the remaining bin counts were 699 converted to percentages. MinION, generating long read datasets. c) The 49 short-read reference datasets were 734 separately mapped to the long-read pollen datasets, and each pollen read was assigned to 735 the plant species that mapped with the highest percent coverage, or left unassigned if the 736 highest coverage was <15%. d) Binned pollen reads were counted, noise was reduced by 737 implementing a 1% minimum-abundance filter, and then the remaining bin counts were 738 converted to percentages. 
